The vasopressin-cAMP-osmolality axis is abnormal in autosomal dominant polycystic kidney disease (ADPKD). In the Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes 3:4 Trial, a 3-year randomized, placebo-controlled trial in adults, the vasopressin V2 receptor antagonist tolvaptan slowed ADPKD progression in patients with preserved GFR. Here, we investigated the determinants of baseline urine osmolality (Uosm) and its value as a severity marker of ADPKD, the factors influencing the response to tolvaptan, and whether change in Uosm associated with key trial end points. At baseline, lower Uosm independently associated with female sex, presence of hypertension, lower eGFR, higher total kidney volume (TKV), and higher age. Tolvaptan consistently reduced Uosm by 200-300 mOsm/kg over 36 months. The Uosm response to tolvaptan depended on baseline eGFR and Uosm. Subjects with greater change in Uosm experienced a significant reduction in clinical progression events. Among subjects receiving tolvaptan, those with a greater suppression of Uosm had slower renal function decline. Assessment at follow-up, off medication, revealed a significant decrease in Uosm in both placebo and treated groups. Tolvaptan significantly increased plasma osmolality, which returned to baseline at follow-up. In conclusion, baseline Uosm in ADPKD reflects age, renal function, and TKV, and baseline Uosm, eGFR, and TKV influence the effect of tolvaptan on Uosm. The greatest renal benefit occurred in subjects achieving greater suppression of Uosm, that is, those with better eGFR at baseline. These results support the link between vasopressin V2 receptor signaling and ADPKD progression.
intracellular cAMP levels are thought to act via calciummediated regulatory pathways, including protein kinase A and its downstream effectors, to induce cyst growth in ADPKD. 6 On the basis of these observations, therapeutic interventions that lower intracellular cAMP levels might be expected to have significant benefit in ADPKD. 7 The antidiuretic hormone arginine vasopressin (AVP) is a major inducer of cAMP production in the distal nephron via its interaction with the vasopressin V2 receptor (V2R) and, hence, has been a major focus of recent studies. 8 In human ADPKD cyst epithelial cells, the V2R antagonist tolvaptan has been shown to inhibit cell proliferation and chloride-dependent fluid secretion. 9 In rodent models, V2R antagonism inhibited disease development and either halted or caused regression of established disease. 3, 5 Finally, in the pivotal Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes 3:4 Trial (TEMPO 3:4; ClinicalTrials.gov identifier: NCT00428948), long-term treatment with tolvaptan significantly decreased kidney growth and kidney pain, while slowing the decline in kidney function. 10 Continuous cyst expansion in ADPKD physically displaces and obstructs renal tubules, blood vessels, and lymphatics, and promotes apoptosis, atrophy, and fibrosis of the renal parenchyma. 11 Although this ultimately leads to ESRD in a majority of subjects, the first signs of renal function decline are not typically seen until the third to fourth decades of life, due to the slow growth rate of cysts and to the reflex hyperfiltration carried out by unaffected nephrons. 11 However, the capacity of patients with ADPKD to concentrate urine is impaired early, even in pediatric patients with intact GFR. 12 Importantly, the cyst burden is not a prerequisite for defective osmoregulation in ADPKD children, 12, 13 consistent with the observation that urinary concentrating defects precede renal cyst development in animal models of ADPKD. 14, 15 These combined results suggest that urine osmolality (Uosm), as a noninvasive marker of the urinary concentrating ability, may serve as a useful biomarker of ADPKD.
In this study, we took advantage of available measurements of osmoregulation parameters in a large ADPKD cohort to investigate (1) the determinants of fasting Uosm in ADPKD; (2) whether Uosm, as a marker of urine concentrating ability, may serve as a substitute of disease severity in ADPKD; (3) the factors influencing the response to tolvaptan; and (4) whether changes in Uosm during the TEMPO 3:4 trial associate with treatment outcomes.
RESULTS

Subject Characteristics
The demographic characteristics of the entire TEMPO 3:4 ADPKD study population have been reported previously. 10, 16 In this post hoc analysis of fasting subjects, there were 1037 subjects of whom 82% white, 52% men, and 3967 years of age, and a total kidney volume (TKV) of 17036930 ml and an eGFR of 816 22 ml/min per 1.73 m 2 . Mean systolic and diastolic BP values were 127613 and 82610 mmHg, respectively. Concurrent medications at baseline included diuretics in 1.4% (n=15), lipidlowering mediations in 13.2% (n=137), and antidepressants in 22.5% (n=233). The majority of subjects (72.2%, n=749) were taking angiotensin converting enzyme inhibitors and/or angiotensin receptor blockers (Supplemental Table 1 ). These baseline characteristics were similar to the population in the TEMPO 3:4 cohort. 10 Determinants of Fasting Morning Baseline Uosm Average Uosm at baseline was 5046177 mOsm/kg with a normal distribution in the cohort (Supplemental Figure 1) . Baseline Uosm correlated negatively with age (P,0.001, r 2 =0.041) and TKV (P,0.001, r 2 =0.044), and positively with eGFR (P,0.001, r 2 =0.117) (Figure 1 ). The Uosm/plasma osmolality (Posm) ratio, taken as an index of osmoregulation, showed similar correlations with age (P,0.001, r 2 =0.050), TKV (P,0.001, r 2 =0.041), and eGFR (P,0.001, r 2 =0.124) (Supplemental Figure 2 ). In a univariate analysis, ADPKD subjects in the lowest quartile (Q1) versus the highest quartile (Q4) of baseline Uosm were more likely to be women (60% versus 41%, P=0.002), less often white versus other races (79% versus 90%, P,0.001), more frequently hypertensive (84% versus 72%, P=0.001), older (40 versus 36 years, P,0.001), and shorter (171 versus 174 cm, P=0.005), with larger TKV (1762 versus 1335 ml, P,0.001), lower eGFR (75 versus 95 ml/min per 1.73 m 2 , P,0.001), and higher albumin-to-creatinine ratio (9.7 versus 4.9 mg/mmol, P,0.001), respectively (Table 1) . In a multivariate regression analysis that included all individual significant variables (Table 2) , sex, race, presence of hypertension, baseline TKV, and baseline eGFR significantly associated with baseline Uosm.
Aquaresis and Osmoregulation in Response to Tolvaptan
The initial response to tolvaptan was evaluated by assessing the change in Uosm from baseline to end of titration (EOT, corresponding to titration to the highest tolerable dose from day 1 to week 3 after each 1-week safety assessment) in 666 subjects. 16 The most common side effects limiting the dose escalation were related to increased aquaresis (thirst, polyuria, pollakiuria, nocturia, and polydipsia), as reported previously. 10 The initial decline in Uosm in response to tolvaptan correlated significantly and positively with baseline Uosm (P=0.003, r 2 =0.24) and eGFR (P,0.001, r 2 =0.060) (Figure 2A) , and the average daily dose of tolvaptan at EOT (Table 3) . Of note, although Japanese participants demonstrated a lower baseline Uosm before treatment, their response to tolvaptan was similar to that of non-Japanese subjects (data not shown). The majority of subjects receiving tolvaptan (n=539, 81%) achieved a Uosm,300 mOsm/kg, contrasting with only 17% (n=58) in the placebo group ( Figure 2B) .
Treatment with tolvaptan resulted in a sustained and significant decrease in Uosm throughout the study, compared with baseline and to the concurrent placebo group ( Figure  3A ). There was a moderate but significant increase in Uosm in tolvaptan-treated subjects from EOT to month 36 (from 1986108 to 2396117 mOsm/kg, respectively, P,0.001). This may be explained in part due to a reduction in the average daily dose of tolvaptan from approximately 110 mg/d to approximately 97 mg/d from EOT to month 36, respectively (Supplemental Table 2 ). There was a significant decrease from baseline Uosm in both tolvaptan-and placebo-treated subjects that completed the study and provided a fasted urine sample at their follow-up visit (placebo, n=271: baseline 5146186 versus follow-up 4376155 mOsm/kg, P,0.001; tolvaptan, n=525: baseline 5006 173 versus follow-up 4216 167 mOsm/kg, P,0.001). There was no significant correlation between changes in Uosm from baseline to follow-up and the annual TKV growth rate over 3 years in the placebo group (correlation coefficient 20.01184, P=0.74). The Uosm/Posm ratios at follow-up were significantly lower than the baseline values in each arm (placebo, n=265: baseline 1.7560.64 versus follow-up 1.4960.53, P,0.001; tolvaptan, n=517: baseline 1.7060.59 versus follow-up 1.4460.57, P,0.001), the values being similar between groups. Of note, mean Uosm was similar at each time point in completers versus noncompleters of the study (Supplemental Figure 3) .
Changes in estimated Posm during the trial are shown in Figure 3B . Compared with the placebo group, exposure to tolvaptan induced a significant increase in Posm, which was highest at EOT and returned to baseline at follow up (Supplemental Table 3 ). No significant changes in Posm were seen in the placebo group.
Uosm and Clinical Outcomes
All subjects participating in the TEMPO 3:4 trial were instructed to increase their water intake and drink in advance of thirst. Evidence that this recommendation was followed is suggested by the significant decrease in Uosm from baseline to EOT in the placebo group (baseline, 5146186 versus EOT, 4506187 mOsm/kg, P,0.001). Because water intake and 24-hour-urine volumes were not obtained (to avoid unblinding of physicians to treatment arm), we analyzed the evolution of the Uosm/Posm ratio between baseline and EOT as an index of fluid intake. 17 As shown in Supplemental Table 4 , the tolvaptan group was characterized by a major fall in the Uosm/Posm ratio, reflecting a large decrease in Uosm and a significant increase in Posm at EOT. A significant decrease in the Uosm/Posm ratio, which primarily reflected a significant fall in Uosm, was observed in the placebo group-supporting a higher water intake.
We next evaluated whether changes in Uosm from baseline to EOT were associated with clinical progression events of worsening renal function and kidney pain in the trial population ( Figure  4 ). In the total population, subjects with a greater suppression in Uosm (Q1, negative change .2376 mOsm/kg) experienced a two-fold reduction in the occurrence of clinical progression events versus those with the smaller suppression (Q4, negative change ,257 mOsm/kg) (12.1% versus 23.3%, respectively, P,0.001), as confirmed by Kaplan-Meier analysis ( Figure  4A ). A similar trend (between Q1 and Q3) was observed for the placebo ( Figure 4B ) and tolvaptan ( Figure 4C ) subjects analyzed separately, although the fact that the vast majority of patients in the tolvaptan group had a major decrease in Uosm (ceiling effect) prevented a good separation.
Because individuals in whom tolvaptan produced a larger fall in Uosm did better, presumably because they had a less advanced renal disease at baseline, we evaluated whether benefit continues to increase as achieved Uosm declines, or whether there is a Uosm level below which no further benefit is obtained. We analyzed the annual change in eGFR as a function of Uosm at the EOT phase (highest tolerable dose) in tolvaptan-treated subjects (Supplemental Table 5 ): there was no significant trend between these parameters, indicating that there is no additional benefit to decrease Uosm ,250 mOsm/kg. The lack of benefit from reducing Uosm ,250 mOsm/kg was also true for the composite secondary end point and for the renal pain events or renal function events. Instead, these events were more frequently observed in subjects with lower Uosm, probably reflecting the more severe disease at time of tolvaptan initiation (Supplemental Table 5 ).
We next investigated the relationship between Uosm and eGFR in the context of tolvaptan treatment ( Figure 5 ). The relationship between baseline Uosm and eGFR outcomes (quartiles of annual eGFR slope over 3 years) for the whole population and for each treatment arm are shown in Figure 5 , A and B, respectively. A significant relationship between higher Uosm at baseline and a less negative slope of eGFR was observed in both treatment groups, supporting that ADPKD subjects with higher baseline Uosm experience slower renal function decline. In the placebo group, baseline Uosm significantly predicted the annual change in eGFR (P=0.002), with persistence of a trend (P=0.06) after adjustment for baseline eGFR and TKV.
Average Uosm achieved during the trial correlated positively with baseline eGFR in placebo and tolvaptan groups with, as expected from the action of tolvaptan, a clear separation of Uosm levels between the two groups ( Figure 5C ). The relationship between Uosm suppression (i.e., change in Uosm from baseline to EOT) and renal function decline is shown in Figure 5D . In the tolvaptan group, subjects with higher change in Uosm at EOT showed a slower renal function decline over the 3 years. This association was not observed in the placebo group. When considering the annualized eGFR decline in both groups (Supplemental Table 6 ), slow progressors experienced a greater reduction in Uosm compared with fast progressors in the tolvaptan group whereas no significant difference was observed in the placebo group, characterized by a much smaller level of Uosm suppression. A sensitivity analysis verified that the baseline eGFR was a key determinant of both change in Uosm and eGFR slope in both tolvaptan and placebo subjects (Supplemental Figure 4) .
DISCUSSION
Multiple lines of evidence have implicated AVP and cAMP in the pathogenesis and progression of ADPKD. 18 Our study Fasted Uosm is expressed in (log Uosm). Baseline eGFR, TKV, hypertension status, race, and sex significantly affect baseline Uosm. For continuous variables, such as baseline eGFR, when other factors are held constant, the baseline Uosm increases 1.004 times for every 1 ml/min per 1.73 m 2 increase in baseline eGFR. For baseline TKV, for a multiplier change, the baseline Uosm will be changed by times the 0.746 power of the multiplier. For example, if the multiplier is equal to 2 (doubling of TKV), the baseline Uosm will be changed to the original Uosm times 2^0.746. For binary variables, such as race or hypertension status, when other factors are held constant, a white subject has a baseline Uosm 1.068 times a nonwhite subject; a subject with hypertension has a baseline Uosm 0.901 times a nonhypertension subject; and a male subject has a baseline Uosm 1.131 times a female subject. CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; ACR, albumin-tocreatinine ratio provides the first detailed assessment of Uosm, a parameter that directly reflects the action of AVP in the kidney, at baseline and after long-term administration of tolvaptan in a large, multi-center cohort of ADPKD subjects with preserved renal function. At baseline, Uosm in ADPKD subjects correlated negatively with age and TKV and positively with eGFR. By multivariate analysis, Uosm is affected by sex, presence of hypertension, TKV, and eGFR. Treatment with tolvaptan reduced Uosm by 200-250 mOsm/kg with no loss of effect over 36 months. The initial response to tolvaptan was influenced by baseline eGFR and Uosm. In both treatment groups, subjects with higher Uosm at baseline experienced slower renal function decline over the 3 years. Subjects with a greater suppression in Uosm-and thus a better eGFR at baselineexperienced a significant reduction in the occurrence of clinical progression events. At follow-up, there was a significant decrease in Uosm over the 3 years in both placebo and treated groups, reflecting progression of ADPKD and/or modified drinking behavior. Defective urinary concentration is one of the first manifestations of ADPKD. 6 Early studies on small cohorts showed that the defect was more evident in subjects with large kidneys. 19 A peripheral resistance to vasopressin, potentially explained by cystic lesions affecting the interstitial osmotic gradient, has been suggested. 12, 13 We evaluated the determinants of fasting Uosm at baseline: the opposite correlations between Uosm and TKV and eGFR, as well as the multivariate analysis, support the influence of kidney structure and function on urinaryconcentrating ability in ADPKD. Most complications in ADPKD depend on the number, size, and location of kidney cysts. Larger kidneys predict functional decline, 20 and they are associated with lower Uosm in this cohort. The effect of age on Uosm is also expected: in addition to disease progression, multiple abnormalities in the central release of AVP and its renal effects have been described in association with aging. 21 Those changes may include a progressive decrease in the V2R expression/function in the distal nephron. 22 It should be pointed out that the strength of the associations between fasting Uosm and various parameters at baseline was relatively modest, being valuable owing to the large number of subjects studied. These data nevertheless support the value of fasting Uosm as a noninvasive, integrative marker of the state of kidney disease in ADPKD.
By univariate analysis, ADPKD subjects in the lowest Uosm quartile were more likely to be women, nonwhite, hypertensive, older, shorter, and have larger kidneys and lower eGFR. Among these factors, only female sex, presence of hypertension, TKV, and baseline eGFR were independently predictive of Uosm. If hypertension and eGFR are known to reflect the disease progression in ADPKD, the effect of sex on Uosm in our cohort should be emphasized. It is generally estimated that ADPKD is less progressive in women than in men. 2 Furthermore, women have a better response to AVP or its analog desmopressin, reflecting possible higher levels of V2R (X-linked) expression than in men. 23, 24 Taken together, these effects should rather be reflected by higher Uosm in women. Conversely, physiologic studies have found greater 24-hour urinary AVP excretion, 25 and higher plasma AVP levels, in men compared with women. 26 Preclinical studies in conscious rats have shown that, after 24 hours of water deprivation, urine flow was significantly higher and Uosm lower in females than in males. 27 In addition, women may be more prone to abundant water drinking, a practice that is currently advised in most ADPKD clinics. 28 This study allowed for the analysis of factors that influence the initial response to tolvaptan in ADPKD subjects. At EOT, 81% of the subjects had a Uosm,300 mOsm/kg, a proportion similar to that reported in a preliminary study. 29 It is important to note that the initial aquaretic response is closely related to the state of disease, as indicated by eGFR and Uosm, as well as the dose of tolvaptan. Previous studies in non-ADPKD subjects have shown that impaired renal function (24-hour creatinine clearance ,60 ml/min) attenuated the aquaretic response to administration of a single oral dose of tolvaptan, despite higher exposure to the drug. 30 A significantly lower response in terms of urine volume was also observed when comparing ADPKD patients with eGFR.60 ml/min per 1.73 m 2 and those with eGFR,30 ml/min per 1.73 m 2 . 31 Conversely, there was not influence of ethnicity because a similar response was observed in Japanese versus white subjects (14% versus 86% in both placebo and tolvaptan groups, respectively), despite distinct NaCl intake at baseline. The longitudinal assessment of Uosm over .3 years revealed that treatment with tolvaptan reduced Uosm by 250-300 mOsm/kg (versus baseline) with no loss of effect over time. The slight but significant increase in Uosm observed over time in the tolvaptan group probably reflected at least in part a slight decrease in the average drug dose during the trial. The changes in Uosm explain why almost 80% of ADPKD subjects who received tolvaptan (752 of 961, 78%) reported adverse events related to increased aquaresis (i.e., polyuria, pollakiuria, polydipsia, nocturia, and thirst). The aquaretic effect of tolvaptan was reflected by significant changes in estimated Posm, with a larger increase (average +2.7 mOsm/kg) observed at EOT. The changes in Uosm and Posm in the tolvaptan-treated subjects were fully reversible at the follow-up visit (washout). The significant decrease in Uosm and Uosm/Posm ratio at follow-up, which was similar in the tolvaptan and placebo groups, could reflect the composite effect of the progression of ADPKD as well as changes in the drinking behavior. Of note, there was no significant correlation between changes in Uosm from baseline to followup and the annual TKV growth rate in the placebo group.
Our results support the use of Uosm as guidance to tolvaptan treatment-a measure that has been adopted by a regulatory agency (Health Canada). The latter states that fasting morning Uosm provides the best guidance for dosing decisions to ensure target Uosm (e.g., ideally ,300 mOsm/kg) is achieved to ensure complete AVP suppression. 32 We also show that there is no additional benefit to decrease Uosm ,250 mOsm/kg. Should it be recommended to stop tolvaptan if Uosm does not decrease sufficiently? As mentioned above, 81% of subjects receiving tolvaptan achieved a Uosm,300 mOsm/kg at EOT. In very rare cases, an activating mutation in the V2R could explain a patient's resistance to tolvaptan treatment. 33 We would anticipate in a subject with this type of activating mutation that the treatment with tolvaptan would fail to have the expected action on Uosm or on improved disease progression. Given the rarity of this condition, a lack of sufficient change in Uosm should not be used as a sole reason for drug discontinuation before excluding the more likely possibility of poor patient compliance or inadequate dose which may be limited by tolerability.
The protocol of the TEMPO 3:4 trial required standardization of background clinical care including management of BP and restricted use of diuretics, as well as dietary and standard fluid ingestion recommendations. In particular, all subjects were asked to drink enough water to prevent thirst throughout the daytime period and an additional one to two cups of water before bedtime. 16 The initial suppression of Uosm (either due to increased water intake or treatment with tolvaptan) is negatively associated with the occurrence of clinical progression events in the whole cohort. In subjects receiving tolvaptan, there was a strong, inverse relationship between the magnitude of the aquaretic response and the loss of renal function during the study. By contrast, this effect was not observed in the placebo group. When interpreting these data, one should take into account the distinct magnitude (average decrease in Uosm at EOT: 265 versus 2300 in placebo versus tolvaptan, respectively) and mechanism (primary water intake versus V2R blockade causing a ceiling effect, respectively) of aquaresis in these two groups. The response to V2R, as reflected by Uosm, is indeed fundamentally dependent on the renal function as evidenced by the multivariate analysis for baseline parameters ( Table 2) .
The analyses presented here allow us to address two additional clinical issues. The first is whether solely drinking (without ). Arrows indicate a significant trend between change in Uosm and slower rate of eGFR decrease in the tolvaptan group, as tested by ANOVA. Slower progression is reflected by a higher initial response to Uosm in the tolvaptan but not in the placebo group. Q1-Q4, quartiles 1-4. use of tolvaptan) is sufficient to decrease the progression of ADPKD. If experimental data suggest that increasing water intake may slow down the progression of ADPKD, 34 data from randomized trials are lacking. As mentioned above, the fact that all participants were asked to drink abundantly during the trial may have led to an underestimation of the beneficial effects of tolvaptan. The kidney growth rate in TEMPO 3:4 was indeed lower in the placebo group than in the control groups of previous ADPKD trials (6.8% versus 11.8% per year, respectively 10 ). Conversely, high urine volume and low Uosm have been shown to be independent risk factors for faster GFR decline in a retrospective analysis of the Modification of Diet in Renal Disease study, including 139 patients with ADPKD. 35 More recently, Higashihara et al. reported that high water intake enhanced disease progression in a cohort of 18 patients with ADPKD, compared with 16 control patients (free water intake). 36 These results are challenging to interpret as the high water and standard water groups were not randomized but were rather left to the choice of the participating subject. A specifically designed clinical trial would be necessary to determine the effectiveness of chronic, high water intake on disease progression and how the effect would compare with tolvaptan. Because of the reactivity of vasopressin release and its short half-life, a sustained water intake would be required to achieve prolonged inhibition of the V2R signaling. In a small pilot study, Wang et al. demonstrated that 5 of 8 subjects were able to decrease their mean 24-hour Uosm ,285 mOsm/kg with increased water intake for 1 week. 37 It would be more difficult to sufficiently suppress vasopressin during prolonged periods of time with water alone, as the volume and frequency of water intake is highest during waking hours. 38 It should also be pointed out that factors including salt and/or protein depletion potentially limit water intake in ADPKD, with development of hyponatremia being a concern. 34 The second issue is the prognostic value of fasting Uosm at baseline to predict disease progression in ADPKD subjects. For the specific population studied here, high baseline fasting Uosm is a good predictor for eGFR over 3 years, both in placebo and tolvaptan groups ( Figure 5, A and B) . In view of our multivariate analysis, which clearly shows the integrative nature of Uosm, the prognostic value of fasting Uosm cannot be untangled from TKV and eGFR. Predictive scores on the basis of TKV and genetic information remain limited by cost, availability, and expertise required to obtain such parameters. 39 Determination of Uosm is noninvasive, affordable, convenient, and of recognized value as an integrative marker of renal function and of disorders of osmoregulation. 6, 40 Future studies are necessary to test whether Uosm could improve or complete the existing scores to predict renal outcome in patients with ADPKD.
Our study combines the advantages of the first, centralized assessment of Uosm in a large, multicentric, and multiethnic study. The parameters were obtained at baseline and during a 36-month intervention with tolvaptan or placebo, and they were correlated with reliable indicators of renal function and disease progression (TKV measured by magnetic resonance imaging). Limitations of this study include the fact that subjects were asked to drink abundantly during the trial, which may influence the natural evolution of the disease in the control group; the fact that most subjects had hypertension at baseline, with associated antihypertensive and other medications; and the fact that the baseline and follow-up samples were obtained in the fasting state, whereas intermediate samples during the study were nonfasting. These different conditions may have an effect on the variations presented in the study-in particular between baseline and EOT-because water intake and alimentation are well known to influence Uosm 41 ; and finally, ADPKD per se is associated with defects in AVP release/action, which could affect the interpretation of Uosm. 6, 34 Variations in copeptin, a surrogate marker of AVP that is inversely associated with eGFR and positively with Uosm and simple cysts in the general population, 42 should also be analyzed in the context of the TEMPO 3:4 trial.
In summary, these results provide the first longitudinal analysis of osmoregulation parameters in a large cohort of ADPKD subjects. They show the determinants of baseline Uosm, demonstrate the effectiveness of tolvaptan over 36 months, and decipher the factors associated with the response to the drug. In both treatment groups, subjects with a greater suppression in Uosm-and thus a better eGFR at baselineexperienced a significant reduction in the occurrence of clinical progression events. Altogether, these analyses support the link between vasopressin V2R signaling and renal disease progression in ADPKD.
CONCISE METHODS
Study Design
This study was a prespecified and post hoc, exploratory subanalysis of the TEMPO 3:4 study (12), a phase 3, multicenter, double-blind, placebo-controlled, 3-year trial assessing the efficacy and safety of tolvaptan in subjects with ADPKD. 16 ADPKD subjects with a TKV$750 ml measured by magnetic resonance imaging, a creatinine clearance $60 ml per minute as estimated by the Cockcroft-Gault formula, and between the ages of 18 and 50 years participated. A total of 1445 eligible subjects were randomly assigned in a 2:1 ratio to receive either tolvaptan (n=961) or matching placebo (n=484). After randomization, subjects received two doses of study drug per day for 3 years, initiated with a 3-week titration period. During the first week of the titration period, the active arm received tolvaptan at a dose of 45 mg in the morning and 15 mg in the afternoon. These doses were increased to 60 mg/30 mg and 90 mg/30 mg in weekly intervals on the basis of subject-reported tolerability. The maximal dose at week 3 (EOT) was defined as the highest tolerable dose, mostly related to increased aquaresis (thirst, polyuria, pollakiuria, nocturia, and polydipsia) events. 10, 16 After the titration phase of the study, subjects were able to up-or down-titrate on the basis of tolerability throughout the remaining study period. To offset the water loss due to the aquaretic effect of tolvaptan, diuretics were avoided and water intake was encouraged in advance of thirst in the study population.
Assessments
Strictly fasting morning (ideally, second void) spot urine samples were collected before drug administration to determine trough Uosm at randomization (baseline) and at follow-up which occurred 14-42 days after the last dose of study medication. Nonfasting morning spot urine samples were collected before the morning dose at the end of the titration period (EOT, 3 weeks) and at months 12, 24, and 36. Only subjects that indicated their baseline sample was a fasting urine were included in the analysis (tolvaptan 700 of 899 [78%], placebo 337 of 472 [71%]). Uosm was centrally measured (freezing point depression osmometry) using an Advanced Instruments Osmometer Model 220 (Advanced Instruments Inc, Norwood, MA). The system has an intra-assay and interassay precision (coefficient of variation) of 0.8% and 0.25%, respectively. Other assessments, including plasma parameters, TKV, and eGFR (Chronic Kidney Disease Epidemiology Collaboration), were performed as described previously. 10, 16 Posm was calculated using the following formula: Posm = 2 3 Sodium + (Glucose/18) + (Blood urea nitrogen/2.8). Blood and urine samples were obtained on the same day per protocol. The composite secondary end point was the time to investigator-assessed clinical progression, defined as worsening kidney function (a 25% reduction in the reciprocal of the serum creatinine level from the value at the end of the doseadjustment period); clinically significant kidney pain necessitating medical leave, pharmacologic treatment (narcotic or last-resort analgesic agents), or invasive intervention; worsening hypertension (changes in BP category, as defined in the protocol, or worsening of hypertension requiring an increase in hypertensive treatment); and worsening albuminuria (according to sex-specified categories as defined in the protocol). 10 
Statistical Analyses
Only fasted subjects at baseline were included (n=1037) in these analyses. The annual eGFR change was calculated on the basis of: (month 36 2 EOT/Week 3)/3, and distributed into quartiles. The treatment effect was evaluated by analysis of covariance with treatment groups treated categorically and baseline values treated as a covariate. Subjects with missing average Uosm data were omitted. Trend tests were conducted by ANOVA, analysis of covariance, or Cochran-Armitage analyses, as appropriate. P values for comparing binary baseline characteristics were calculated by Fisher exact test, whereas P values for comparing continuous baseline characteristics were generated by Wilcoxon test. Comparison between visits was performed by Wilcoxon signed ranked test.
